Pedigree-based measurement of the de novo mutation rate in the gray mouse lemur 3 reveals a high mutation rate, few mutations in CpG sites, and a weak sex bias 4 5 Abstract 16
Introduction 36 37
Spontaneous germline mutations (SGMs) are single basepair errors that occur in DNA 38 transmission as it is passed from parent to offspring in sexually reproducing organisms. The 39 accrual of these errors provides not only the raw material for evolution but can also serve as a 40 measure of the evolutionary time across phylogeny (Zuckerkandl and Pauling 1965; Kimura 41 and Ohta 1971; Langley and Fitch 1974) . The rate at which these mutations are introduced 42 into genomes is thus a crucial metric of evolution at the genomic level as well as a measure of 43 fundamental biological processes (Kondrashov and Kondrashov 2010) . And by further parsing 44 this measure by genomic regions, we gain an intimate perspective of intragenomic 45 evolutionary patterns. Finally, by quantifying the variation in mutation rates across the tree of 46 life, we can develop increasingly refined hypotheses regarding the relationship between 47 mutation rates and life history characteristics. 48
49
Approaches for estimating mutation rates in vertebrates generally fall into one of two 50 categories: phylogenetically-based (indirect) versus pedigree-based (direct) estimation. While 51 phylogenetically-based methods were the standard before the genomics revolution of the past 52 decade, new sequencing technologies have enabled pedigree-based mutation rate 53 measurements for previously uncharacterized species. By comparing the genomes of 54 individuals with known genealogical relationships -typically, parent to offspring -investigators 55 are putatively able to quantify mutations in real time (Scally and Durbin 2012; Smeds, et al. 56 Phylogenetically-based methods are known to suffer from various sources of uncertainty 67 including violation of the molecular clock, inaccuracies in external calibration points, 68 incomplete lineage sorting, and the difficulties of recovering multiple overlapping changes (i.e., 69 "multiple hits") at any given site (dos Reis, et al. 2018) . Although a number of solutions to 70 these problems have been proposed (Heath, et Dávalos 2016). Pedigree-based mutation rate estimates are not affected by the same 73 uncertainties, however, and allow for the characterization of mutation rate variation across the 74 genome and the various biases in the mutation spectrum (Ségurel, et al. 2014; Harris, et al. 75 2017) . Previously, these estimates have relied on well-assembled genomes available only to 76 model organisms (Scally and Durbin 2012; Venn, et al. 2014; Uchimura, et al. 2015; Jónsson, 77 et al. 2017) , and have therefore been limited in taxonomic scope (for a list of mammals, see 78 Table 1 ). Fortunately, recent genome assembly strategies (Dudchenko, et al. 2017) have 79 increasingly enabled chromosome-level assemblies of non-model organisms (Larsen, et al. 80 2017) and pedigree-based mutation rate estimation is now feasible for virtually any species, as 81 long as related individuals with known pedigrees are available (Smeds, et al. 2016; Feng, et al. 82 2017; Pfeifer 2017; Martin, et al. 2018; Koch, et al. 2019) . Pedigree-based mutation rate 83 estimates from across the tree of life have the potential to enhance our understanding of 84 mutation rate evolution (Lynch 2010) , including the relationship between mutation rate and 85 genome architecture (Kim, et al. 2006) . 86 87 Even so, pedigree-based studies are not without challenges. Perhaps most challenging for 88 estimating the number of de novo mutations in offspring is that the mutation rate is several 89 orders of magnitude lower than the sequencing error rate, even for the most accurate 90 sequencing methods. Thus, pedigree-based estimates of the SGM rate must employ stringent 91 bioinformatic filters to distinguish between true biological mutations and sequencing error. And 92 herein lies one of the method's most significant challenges: stringency can be so vigorously 93 applied that many true SGMs are not called (i.e., false negatives are common), and somewhat 94 counterintuitively, the mutation rate can be under-rather than overestimated. 95 96 Here, we utilize two strategies for keeping false negative rates low while ensuring the validity 97 of our called mutations. First, linked short reads from 10x Genomics (Weisenfeld, et al. 2017 ) 98 provide increased mapping scores and confidence in calling individual variants when coupled 99 with mutation rate estimation methods (Long, et al. 2016; Winter, et al. 2018) , especially in 100 repeat-rich mammalian genomes (Chaisson, et al. 2015) . Additionally, the phasing information 101 provided by linked reads can determine the parent of origin through just two generations of 102 sequencing. Phased haplotypes with known parental origin then allow us to assign individual 103 mutations as coming from either the maternal or paternal germline. To control for false 104 negatives, we explicitly evaluate the callable proportion of the genome by introducing known 105 false mutations to the sequencing data for one individual and subsequently testing how 106 accurate our bioinformatic pipeline was in recovering these errors (Keightley, et al. 2014; Xie, 107 et al. 2016) . We refer to this approach as "allele drop", which can be used to correct observed 108 SGM rates regardless of the variant calling pipeline. 109
110
We applied these advances in sequencing technology and computational methods to produce 111 the first pedigree-based estimated mutation rate for the gray mouse lemur (Microcebus 112 murinus), the first strepsirrhine primate to be characterized in a pedigree-based SGM study. 113
The gray mouse lemur is a member of a radiation of morphologically cryptic primates 114 distributed throughout Madagascar (Hotaling, et al. 2016 ), for which an accurate temporal 115 context is needed to, for instance, for comparing the timing of speciation with historical climatic 116 events. Previous divergence time studies have had to rely on either distant external fossil 117 calibrations (Yang and Yoder 2003; dos Reis, et al. 2018) or by using pedigree-based mutation 118 rate estimates from distant relatives (Yoder, et al. 2016) . 119 120 By measuring the mutation rate in mouse lemurs with a pedigree-based approach, we aim to 121 simultaneously expand our knowledge of mutation rate variation across lineages and to 122 facilitate the estimation of divergence times within this specific radiation. To do so, we deeply 123 sequenced a family pedigree of gray mouse lemurs (Microcebus murinus, n = 8), including a 124 mother, father, and two offspring, to accurately identify and count SGMs and to assign the 125 parent-of-origin of de novo mutations. 126
Results and Discussion 127 128

Mutation Rate 129
To identify de novo mutations, we used DeNovoGear (Ramu, et al. 2013 ) and validated the 130 inferred mutations using an independent mutation identification analysis with VarScan2 131 (Koboldt, et al. 2009 ). In total, we assessed 4,542,770 potential variants across eight related 132 individuals to discover 134 de novo mutations in two focal offspring, one male and one female 133 ( Fig 1) . Among these 134 mutations, 125 (71 in the female and 63 in the male) were located 134 on autosomes and nine (seven in the female and two in the male) were located on the X 135 chromosome. The average depth of coverage for the 134 mutations was 170 reads (170.2, 136 SD=79.95). We estimate the mutation rate in this family quartet to be 1.64 × 10 −8 single 137 nucleotide mutations per basepair per generation per individual. The single-base mutation-rate 138 estimate is a weighted average of the number of mutations on the autosomes (125 mutations) 139 and X chromosome (nine mutations) divided by the number of sites where a mutation was 140 detectable given our methods (Long, et al. 2016; Winter, et al. 2018) . 141
142
To estimate the number of detectable sites, we artificially generated 1,000 mutations placed 143 randomly across the entire genome within the sequence data of the offspring, similar to 144 previous efforts to account for false negative results (Keightley, et al. 2014; Xie, et al. 2016) . 145
On the autosomes, we detected 801 of 952 generated mutations, while 39 of 48 generated 146 mutations were detected on the X chromosome. Therefore, we estimate our detection rate to 147 be 84.1% on autosomes and 81.3% on the X chromosome, which yields a total of 2.088 billion 148 detectable sites (out of a total of 2.487 billion). 149
150
To calculate the confidence interval around the estimated mutation rate, we assumed that the 151 total number of mutations inherited by an offspring follows a Poisson distribution 152 (Supplemental Text 1). Given that an average of 67 mutations were found in each of the 153 focal offspring, the 95% confidence interval is 56.5 to 79.1 mutations per genome, or 1.41 × 154 10 −8 to 1.98 × 10 −8 mutations per site per generation. To calculate the expected number of 155 false positive and false negative results, we sequenced the male offspring twice and compared 156 variant presence and absence across the technical replicates (Supplemental Text 2). We 157 calculated 6.46 false positives and 37.51 false negatives from the total of 134 de novo 158 mutations and 2.088 billion potential mutation sites. 159
160
Relatively low numbers of mutations at CpG sites 161
CpG sites have consistently been found to have higher mutation rates relative to other site 162 classes, a pattern discovered using sequence comparisons made several decades ago (Bird 163 1980 ) and ascribed to the frequent deamination of methylated cytosines (Friedberg, et al. 164 2005) . We found a total of six mutations at parental CpG sites, constituting 4.5% of all de novo 165 mutations, a more than two-fold overrepresentation given that 1.9% of the genome consists of 166 CpG sites. This pattern is much less pronounced than in other studies, were CpG site 167 mutations have been shown to contribute 12-25% of total mutations, representing an 168 overrepresentation of least ten-fold given the number of CpG sites in the genome (Venn, et al. Given the limited sample size of our study, and the small fraction of the genome this 171 represents, however, caution is warranted in interpreting this result. Confidence intervals 172 calculated following the genome-wide Poisson distribution example (as in Supplemental Text 173 1) suggest that the true number of CpG site mutations in the mouse lemur genome could be as 174 high as 10.9 (over 8% of total mutations and a 4.25-fold increase). Additionally, if the true CpG 175 site mutation rate in mouse lemurs was such that 10% of total mutations were found there, the 176 values measured in this study would still fall within the 95% confidence interval (13.4 CpG site 177 mutations, 95% confidence interval 6.0 to 21). 178
179
The elevated mutation rate at CpG sites is linked to methylation, and is therefore not expected 180 in regions of the genome with high GC content (CpG islands), where CpG sites are much less 181 likely be methylated. As expected, none of the 134 de novo mutations were found within CpG 182 islands, which constitute roughly 4% of the Microcebus murinus genome. 183
The discrepancy in the relative frequency of mutations at CpG sites between mouse lemurs 184 and other studied species could have arisen from a high proximity of CpG sites to genic 185 regions, where mutations are more likely to be detrimental. A lower substitution rate in 186 proximity to genes has been observed empirically (Narang and Wilson Sayres 2016). 187 Accordingly, we investigated this possibility, but found a normal distance between genes and 188 CG sites ( Fig S1) . Also to be considered, the mouse lemur genomes here compared are of 189 lesser overall quality than human or chimpanzee, and a lower mapping quality in CG-rich 190 regions could be affecting our ability to detect CpG site mutations. 191 192 Finally, the low number of CpG site mutations has the statistical effect of impacting additional 193 mutational metrics: transition-transversion ratio, strong-to-weak and weak-to-strong ratio, and 194 potentially, sex-bias. 195
196
Mutation spectrum 197
We characterized two aspects of the mutation spectrum in mouse lemurs. First, the ratio of 198 transitions to transversions (Ti:Tv) was estimated to be 1.03 (68 transitions and 66 199 transversions). Second, the ratio of strong-to-weak mutations (SW; C/G > A/T) to weak-to-200 strong mutations (WS; A/T > C/G), SW:WS, was also estimated to be 1.03 (31 SW and 30 WS 201 mutations). The most common two categories of de novo mutation type were G>A and C>T 202 are expected in light of the low CpG mutation rate reported above, given that C>T mutations at 209
CpG sites are strong-to-weak transitions. For instance, without an elevation in the mutation 210 rate at CpG sites, the Ti:Tv and SW:WS ratios would drop to 1.55 and 1.33 respectively, in a 211 study of chimpanzees (Venn, et al. 2014 ). Thus, it is difficult to differentiate the effect of 212 reduced CpG site mutation on the other metrics of the mutation spectrum. 213 214
Reduced Male Mutational Bias 215
A male mutational bias has long been hypothesized for diploid sexually reproducing organisms 216 based on the idea that the increased number of cell divisions in sperm versus egg should lead 217 to higher numbers of mutations in the male germline than the female germline (Haldane 1946 ; Using the long phasing blocks generated by the linked-read method, we were able to 225 determine the parent of origin for 94 out of 134 (70%) de novo mutations. Thus, the number of 226 mutations confidently assigned to a parent are notably higher in our analysis compared to 227 previous studies that used short read sequencing alone, such as 35% (Venn, et al. 2014) or 228 38% (Thomas, et al. 2018 ). In our study, among the assigned mutations, 54% (n = 51) were 229 found on the offspring's paternal haplotype while the remaining 46% (n = 43) were found on 230 the offsprings' maternal haplotype, a ratio of male-to-female mutations of approximately 1.2. 231
232
This ratio of male-to-female mutations in gray mouse lemur is therefore considerably less 233 pronounced than that observed in other primate species (2.1-5.5) ( this may explain our low ratio of male-to-female mutations. Additionally, there are stark 240 differences in the methylation process within male and female germline cells, with male cells 241 experiencing markedly more methylation (Reik and Dean 2001; Kobayashi, et al. 2013 ). This 242 discrepancy yields more methylation-related mutations in males than females as mammals 243 age (Gao, et al. 2019) . Thus, in the absence of these methylation-focused mutations, and with 244 a relatively short time to puberty, the mouse lemur would have multiple factors pointing to a 245 more balanced mutational sex ratio, as was observed. On the other hand, however, mouse 246 lemurs have exaggerated symptoms of sperm competition (Eberle and Kappeler 2004), large 247 testes size (Wong 2014) , which might be expected to lead to elevated male mutation rates, 248 thus further complicating the interpretation the a low male bias evident in our study. 249 250
Relationship of Mutation Rate Estimates to Life History Traits 251
The drift barrier hypothesis states that effective population size may explain some variation in 252 mutation rates across species due to a larger efficiency of selection acting on DNA replication 253 fidelity in larger populations, especially across large phylogenetic distances (Lynch 2010; 254 Sung, et al. 2012 ). Using an MSMC analysis (Schiffels and Durbin 2014), we estimated the 255 effective population size of gray mouse lemur across the last 2 million years to be 256 approximately 41,000 ( Fig S2) . When analyzed in a broad phylogenetic context, we find that 257 the mouse lemur lies comfortably along the regression that shows a negative correlation 258 between effective population size and per-generation mutation rate across animals (Fig 3) . In 259 stark contrast, this relationship is not upheld in a comparison with other primates with the two 260 species with the largest Ne (orangutan and mouse lemur) also showing the highest mutation 261 rate (Fig 3) . It is possible that the drift barrier hypothesis does not operate across these 262 relatively small timescales and differences in population size. Moreover, mouse lemurs are the 263 mutation rates and generation time is present but weak (Fig 4) . 276
277
Discrepancies between pedigree-based and phylogenetically-based estimates 278
One revelation in the rapidly developing literature on SGM rates has been that the estimated 279 de novo rate in humans is less than half that predicted by phylogenetic studies, prompting 280 speculation that mutation rates may have changed rapidly among primates (Scally and Durbin 281 2012). This observation has created some alarm, especially with regard to the impacts on 282 divergence age estimates for hominids (Besenbacher, et al. 2019 Fig 4) . with pedigree-based estimates falling outside of the confidence intervals of phylogenetically-295 based estimates in 4 out of 7 cases; 2) the direction of disagreement varies across lineages: 296
whereas pedigree-based estimates are higher than phylogenetically-based estimates for 297 mouse lemur, owl monkey, green monkey, and orangutan, the opposite is true for human, 298 chimp, and gorilla. Thus, were it not for the result observed in orangutans, it would be tempting 299 to speculate that phylogenetically-based methods have overestimated mutation rates for 300 hominids. Additional analyses will be needed to reconcile the differences between pedigree-based and 311 phylogenetically-based estimates of the mutation rate making this an area ripe for study. 312
Effect of mutation rate on divergence time mutation rate estimates 314
Using the estimated de novo mutation rate, we have recalculated branch lengths in absolute 315 time for a genus-level phylogeny of mouse lemurs (Yoder, et al. 2016 ). Applying the newly 316 estimated rate of 1.64 × 10 −8 , divergence time estimates are calculated to be considerably 317 more recent compared to previous estimates (Fig 5) , and the smaller confidence interval 318 reduces uncertainty in age estimates (Table S2) . Similarly, a recent investigation of great ape 319 divergence times revealed that lineage-specific mutation rate estimates for chimp, gorilla, and 320 orangutan led to more recent estimates of common ancestor ages that more closely agreed 321 with fossil evidence than if the human mutation rate was assumed for all lineages 322 (Besenbacher, et al. 2019) . Given the endangered status of mouse lemurs and virtually all 323 other strepsirrhine species, our ability to provide a temporal context to speciation and to 324 estimate demographic parameters such as effective population size may yield critical 325 information for directing conservation policy and efforts. 326 327
Conclusions 328
In this study, we provide a pedigree-based estimate of the de novo mutation rate for gray 329 mouse lemurs. The results underscore the importance of measuring mutation rate with linked-330 read sequencing technology that increases mapping confidence, provides haplotypes for 331 determining parent-of-origin, thereby eliminating the need to sequence across more than two 332 generations. Furthermore, we have used allele-drop simulations to determine the appropriate 333 denominator for mutation rate calculations. Even so, despite our best efforts to develop an 334 accurate method for determining the de novo mutation rate, our results are not immune to 335 problems presented by small sample sizes, in particular those relating to the accurate recovery 336 of the mutation spectrum. 337
338
Our study also emphasizes the importance of measuring mutation rate across the tree of life in 339 order to study the nature and causes of mutation rate evolution. As noted above, this is the first 340 pedigree-based mutation rate estimate for a strepsirrhine primate, and as such, it is not clear 341 whether the unusually high mutation rate, low CpG mutation rate, and weak sex bias may be 342 representative of strepsirrhines. We show that Ne correlates with mutation rate at broad 343 phylogenetic scales but does not appear to do so within primates. Finally, we demonstrate 344 widespread disagreement between phylogenetically-based and pedigree-based estimates of 345 the mutation rate, suggesting that reconciling these methods should be a focus of future work. 346
It is our hope that the details of our study will provide an encouraging pathway for that work. LongRanger alignments were used to find de novo mutations within the two focal family 398 offspring. Several methods were used to in finding mutations. First, the software package 399
DeNovoGear (Ramu, et al. 2013 ) was used to analyze the LongRanger variant call files (.vcf) 400 with default settings. As a follow-up, the software package VarScan2 was used with 401
LongRanger binary alignment files (.bam) to confirm that the de novo mutations found with 402
DeNovoGear could be confirmed. 403 404 Finally, de novo mutation hits were confirmed by checking independently with each replicate of 405 the sire. Hits were also checked for absence in all other pedigree individuals as well as 406 additionally sequenced samples from a diversity panel of gray mouse lemurs. The final list of 407 mutations was filtered for quality by offspring de novo quality (min DNQ of 100), offspring map 408 quality (min MQ of 50), and depth of coverage (min coverage of 20) in the parents. 409
Detectable Mutation Test 411
We conducted a test to determine the true number of sites at which a mutation would be 412 detectable, hereafter referred to as an "allele drop test" (Long, et al. 2016; Winter, et al. 2018) . 413
This test increases the accuracy of the number of base pairs used in the denominator of the 414 mutation rate calculation. It estimates the proportion of sites at which a de novo mutation 415 would have been discoverable by our methods. This test consisted of adding 1,000 fake de 416 novo mutations into the pedigree with the software BAMsurgeon (Ewing, et al. 2015) . These 417 mutations were added as heterozygotes, by changing half the aligned bases in the bam file at 418 a site to the non-reference allele. After this manipulation, the same methods were used to find 419 de novo mutations, and the results were mined for the 1,000 sites. By conducting this "allele 420 drop test", we were able to estimate in which fraction of the genome de novo mutations would 421 have been found, were they to have occurred, or detectable sites. Going forward with the 422 number of detectable sites as the denominator in the mutation rate calculation yields a more 423 accurate measure of the rate than using total bases, total autosomal bases, or even 424 calculations based on a minimum depth of coverage because it produces an accurate picture 425 of where mutations can be found specifically via our methods. 426 427
CpG estimates 428
CpG islands were identified by two independent methods and compared to measure the 429 number of mutations within them. First, the software EMBOSS:cpgplot (Chojnacki, et al. 2017 ) 430 was used on the latest gray mouse lemur genome (3.0, GCF_000165445.3) to identify regions 431 that met the threshold of a CpG island (200 bp, over 50% CG content). Then, to confirm these 432 annotations a fasta file of CpG-annotated regions of gray mouse lemur genome 2.0 433 (GCF_000165445.2) was downloaded from the UCSC genome browser. A blast (Altschul, et 434 al. 1990 ) database of the latest gray mouse lemur genome (3.0, GCF_000165445.3) was 435 created and the annotations were queried to determine the coordinates of the 2.0 CpG 436 annotations in the 3.0 genome release used for mapping and assembly. While the 437 concordance between these methods was over 95% out of an abundance of caution only the 438 CpG islands (a total of 67,673 annotations) confirmed via both methods were used in the 439
analyses. 440 441
With these coordinates in-house bash were used to determine the location of each mutation 442 with respect to CpG islands and coding regions. To measure distribution of mutations relative 443 to the null expectation, a permutation test was conducted of the 1,000 false mutations 444 generated for the allele drop test. A set of de novo mutations were randomly sampled, without 445 replacement, to compare the distance to CpG islands with the true set. 446 447
Parent-of-origin 448
Custom in-house bash scripts were used in combination with the phased variant call files 449 produced by LongRanger to assign the mutations to a maternal or paternal chromosome. In 450 brief, these methods took input of the three family individuals and a mutation location. The 451 surrounding haplotype that contained the mutation was directly compared to the parental 452 haplotypes at the same location to determine a match. As these individuals are all related 453 members of a colony, dam and sire often shared similar haplotypes. Caution was used when 454 the mutation-bearing haplotype was found in both parents, resulting in less than 100% parent-455 of-origin assignment of mutations. 456 457 BPP 458
Using BPP (Yang 2015) we reran data from a previous study (Yoder, et al. 2016 ) to measure 459 the effect of mutation rate estimates on divergence time estimation for the phylogeny of mouse 460 lemurs. We have written an R package, bppr (available at https://github.com/dosreislab/bppr), 461 for calibrating BPP estimated phylogenies to geological time using estimates of the mutation 462 rate. Using bppr, we estimated mouse lemur divergence times twice: (i) using the mutation rate 463 prior of Yoder et al. (2016) , which was based on estimates of mouse and human mutation 464 rates, and (ii) using our new estimates of the de novo rate. While in the new version of BPP 465 (v4.0) the theta prior has changed from a gamma distribution to an inverse-gamma distribution, 466 the resulting tree has the same topology and essentially the same branch lengths as prior 467 publications (Yoder, et al. 2016) . 468 686 Figure 3 . The linear relationship between mutation rate and effective population size for 687 animals (A) and primates (B) with directly estimated mutation rates (for data see Table S3 ).
688
Groups and species are identified by color, plots are log-log. 689 690 (red) or the directly measured rate (blue). Data is also displayed in Table S3 . Mutation rates (various pubs) and effective population sizes plotted in Figure 3 . 739 740
Directly Estimated Animal Mutation Rates
Species Mutation Rate Ne Author Year Category
The uncertainty of the mutation rate estimate from pedigreesequencing studies
Let λ m and λ p be the maternal and paternal mutation rates per genome. The total mutation rate is λ = λ m + λ p . For example, if we expect an offspring to inherit 30 and 40 mutations form their mother and father respectively, then λ m = 30, λ p = 40, and λ = 70. If we assume that the mutations inhereted form the mother and father have a Poisson distribution, then the total number of mutations inherited also follows a Poisson distribution.
Let x i be the total number of mutations observed in an individual, and suppose we observe mutations in n individuals. We can use the Bayesian method to estimate the mutation rate, l . Note that the gamma distribution is the conjugate prior of the Poisson, and thus we use a gamma prior on l with parameters α (shape) and β (rate). The posterior distribution is Thus, the posterior of λ is a gamma distribution with parameters α + Σxi (shape) and β + n (rate).
In the mouse lemur pedigree-sequencing results, we see 71 and 63 mutations in two individuals respectively. Let the prior on λ be gamma with α = 2 and β = 0.02. This is a diffuse prior with mean α/β = 100 mutations. Thus the estimate of λ is gamma distributed with shape 2 + 71 + 63 = 136 and rate 0.02 + 2 = 2.02. Thus the posterior mean is ̃ = 67.3, posterior standard deviation ̃ s ̃ = √136/2.02 = 5.77. Note this estimate of λ is given as mutations per genome. To get the rate per nucleotide site, we simply divide by the diploid genome size, g. For example, assuming this is g = 4x10 9 in mouse lemurs, we get ̃ =1.68x10 -8 and s =1.44x10 -9 . The 95% credibility interval for the estimate between 56.5 and 79.1 mutations per genome, or between 1.41x10 -8 and 1.98x10 -8 mutations per nucleotide site.
Variant Calling's E ect on de novo Mutation Rate Estimation
An attempt to, given a duplicate sample providing a known variant call error rate, quantify the e ects of incorrect variant calls on the estimation of de novo mutations.
Our knowns are as follows, the number of sites in the genome with su cient coverage to make de novo calls (sites, s), the number of variants (variants, v) in the entire pedigree (v p ), the mother's sample (v m ), the father's sample (v f ), and the o spring sample (v o ). Also the number of unique variants (unique variants, w) in the entire pedigree (w p ), the mother's sample (w m ), the father's sample (w f ), and the o spring sample (w o ). We also know the error rate of the replicated sample, presented here as a fraction of variants called (called error rate, c). This is an average rate of variants that are present in one replicate and absent in the other. We also assume the transmission probability of any given site is 0.5 (transmission probability, t).
Finally we'll add a single unknown variable (e), which is the fraction of erroneous variant calls that are false positives. This variable ranges from 0 to 1, with 1 representing the scenario where all erroneous calls are false positives. We have no reason to expect that this fraction di ers across the replicates. This variable will allow us to explore a range of possible error e ects. It will also allow us to be conservative (taking the value of e that yields the most error) when reaching a final conclusion regarding error rates.
The probability that a de novo mutation call is a false positive is simply the probability of a false positive variant within the o spring that is not already a variant in the pedigree or a parental false negative at a site that is unique to the individual and transmitted.
P So, substituting the these into the original equation:
The probability that a genomic site with su cient coverage is an uncalled false negative de novo mutation call is essentially the converse of the false positive. It is the probability of a false negative within the o spring that is not already a variant in the pedigree or a parental false positive at a site that is unique to the individual and transmitted. The probabilites of false negative and false positives are as follows:
P (µ f + ) = 4.83 ú 10 ≠2
P (µ f ≠ ) = 1.91 ú 10 ≠8
Given 134 de novo mutations from 1,968,000,000 sites of su cient coverage, we expect:
E(µ f + ) = µ dn ú P (µ f + )
E(µ f + ) = 6.46
